We discuss formation of two-dimensional spatial structures of atoms due to atomic diffraction on two crossed standing electromagnetic fields. This analysis proposed for V-type atomic configuration under dispersive atom-field interactions in quantum regime. Localization of the position of atoms passing through standing light wave is initiated by making a quadrature phase measurement on the light fields. We develop the procedure for strong two-dimensional spatial localization of atomic beam within the optical wavelength. Considering atomic spatial localization in the presence of entanglement of two light beams various two-dimensional patterns for V-type atoms are reported.
INTRODUCTION
During the past years, problems of precise spatial quantum measurement of atoms as well as the optical techniques for spatial localization of atoms have been subjects of considerable interest. These problems have been mainly considered in interactions of atoms with various internal structures of energetic levels with standing electromagnetic fields. In this way, it has been demonstrated that the measurement of the state of a standing wave during atom-light interaction may lead to the localization of the position of the deflected atom. Localization of the position of atoms passing through standing light wave by making a quadrature phase measurement on the light field was shown in one-dimensional case 1, 2 . Recently, localization and center-of-mass wave-function measurement of four-level atoms using their multiple simultaneous interactions with different standing-wave fields was also demonstrated 3 . The physical meaning of these effects is that the interaction of the atom with a standing-wave laser field has an interaction strength that depends on the position of the atomic center-of-mass with respect to the nodes of the standing wave [4] [5] [6] . So, if an observable depends on the interaction strength, the atomic position in the standing wave can be reconstructed from the measurement results. For instance, the phase shift on the standing-wave field due to a nonresonant, dispersive interaction with atoms can be measured in this way. In this paper, we discuss formation of two-dimensional spatial structures of atoms within the optical wavelength due to atomic diffraction on two crossed standing electromagnetic fields in optical cavities. This analysis proposed for V-type atomic configuration under dispersive atom-field interactions in quantum regime. Here, we demonstrate that localization procedure for narrow initial position distributions of atoms leads to production of controllable two-dimensional pattern structures with feature spacing smaller than a wavelength of light in a cavity. In this way, we calculate the atomic deflection patterns in the transverse plane to the direction of the center of atomic mass motion that is accompanied by the quadrature measurement of the fields. This procedure means that the position distribution of atoms is studied assuming that the cavity modes are in a given reference state. Two limited cases of the reference field states: phase-and amplitudestates of standing waves are considered. We analyze the probability to determine two-dimensional position of atoms with maximum probability for a given measurement that result as necessary condition for extremes. We show that multiple simultaneous quadrature measurements allow increasing localization precision in formation of atomic structures. The other part of this paper is devoted to the problem of atomic spatial localization in the presence of entanglement of two light beams. Note, that spatially entangled atomic deflections resulting from interaction of a V-level atomic beam with a two-mode quantized cavity field have been considered 7, 8 . For concrete calculations, as an entangled two-mode state, we choose entangled pair-coherent state with an equal photon number in both the modes 9 . Depending on the atom-light interaction scheme, various two-dimensional patterns in a sub-wavelength regime for V-type atomic configurations are reported. We believe that this approach could be used for the formation of atomic nano-structures and quantum lithography.
ATOM-FIELD INTERACTIONS AND QUADRATURE MEASUREMENTS
The scheme proposed for production of atomic nanostructures consists of two crossed one-mode standing waves and atomic beam crossing the interaction region (see, Fig. 1(a) ). For concrete calculations we consider a three-level atom with a V-type configuration of energy levels (see, Fig. 1(b) ) moving along the z direction and passing through a cavity electromagnetic field. We investigate the position patterns of deflected atoms in the x-y plane assuming that the initial transverse distribution of atoms is Gaussian. We concentrate on the interaction of a three-level atom, initially prepared in a ground atomic state with two quantized cavity modes in coherent states
Hamiltonian describing such a system reads as follows:
where ) cos( ) ( 
In this case, the state of the combined system after the interaction will be calculated in the following form:
where ) ( cos ) (
is the initial wave function of atom. Below, for concrete calculations, we consider atomic beam with spatial Gaussian distribution
It is obvious that due to non-resonant interaction the atom remains in the initial ground state during time-evolution as is indicated in ( The two-dimensional localization scheme relies on measuring the states of the intracavity fields. For this, following the cited papers we make use phase-sensitive quantum state such as quadrature field eigenstate
where θ parameter is an angle in the Wigner plane characterizing the quadrature and θ χ is the corresponding eigenvalue of this state. According to the procedure of reconstruction of atomic position, we investigate the probability for atom to be at position x and y assuming that two field measurements have the results
In the dispersive limit of atom-field interaction the joint position distribution to find the atom at positions ) , ( y x provided that the quadrature amplitudes of the electromagnetic field modes equal to 
Here, the first factor is the initial position distribution, while the other two are conditioned by interaction between the atom and two intracavity field modes. Each of them can be presented as
where ) Re(
The position distribution (9) depends on the intensity of field via α , the coupling constant of atom-field interaction, its duration and detuning via Δ t g 
SPATIAL LOCALIZATION AND TWO-DIMENTIONAL STRUCTURES
At first, we briefly discuss the results on atomic localization in one-dimensional case. Thus, we consider the interaction between the atom and one of the standing wave which results in deflection on x direction. In this way, we follow the cited papers 1, 3 . The novelty of our consideration is that some details of measurement-induced atomic localization are made clear and simple applications to two-dimensional case are presented. It is easy to find the ranges of position for maximum probability ) , ( x P θ α χ for a given measurement result θ χ . For given result of the measurement the atom most probably located at positions x which can be obtained as a necessary condition for extreme of (8) as a solution of the equation
which in the detailed form reads as
where
. To explain the procedure of the effective filtering we present on Figs. 3 the curve (11), showing dependence θ χ on the position x, at the same time with the position distributions. Thus, for illustration, we also add typical distributions of initial and diffracted atomic beams which are presented correspondingly by dashed and dotdashed curves. In this way, two limiting cases of spatial resolution are depicted in Fig. 3(a) and Fig. 3(b) . The case of strong atomic localization is realized on Fig. 3(a) 
where the width x Δ is defined by
Finally, using approximate values for the trigonometric functions it can be estimated as
It should be mentioned that the approximations made off in the last three expressions are reasonable only if 
Note, that for a typical parameters of atom-field interactions, a b > .
Thus, we conclude that by varying the position of initial beam and measuring field quadrature states both narrow-and wide-localized structures can be formed. The above described feature allows us to shape the atomic beam in different ways and not only in one-but also in two-dimensions. The last case it is possible to realize by performing localization procedure for both dimensions. Some typical examples showing the two-dimensional spatial localization of initial atomic distribution are depicted in Figs. 4. The initial Gaussian distribution is shown on Fig. 4(a) . Fig. 4(b) describes the situation when the . In this case, the diffracted atomic beam is squeezed in both directions and forms a narrow peak. The distribution in Fig. 4(c) is formed by placing the entering beam at nodes of the standing waves in both x and y directions. To realize this case we need also to choose the appropriate values for measured quadratures. For this goal we turn to the above results on one-dimensional localization where we have distinguished two cases for measured values of quadrature, the first leading to structures with width a and the second with b, bigger than a. According to this procedure, in the distribution (Fig. 4 (c) ) the measurement in x direction squeezes the beam to have the wider width b, while in y direction-the narrower width a. In the Fig. 4(d) another structure is shown, its formation requires locating the entering beam in x direction at the node and in y direction between the node and antinode of the standing wave. The measuring values of the quadrature in this case are 
ENTANGLEMENT AND LOCALIZATION
It has been mentioned above that in the dispersive limit of atom-field interaction the time evolutions of spatial amplitudes on x and y in the state (3) are independent. Therefore, in this case two spatial channels contribute to the atomic scattering amplitude separately and hence the probability (8) is represented as a product of two independent probability distributions for x and y, respectively. This situation is cardinally changed for the case of correlated modes 7 .
In this section, we expand the results presented earlier 7 considering the procedure of simultaneous two quadrature measurements. For concrete calculations we use so-called pair-coherent states 9 with an equal photon number in both 
where 0 N is a normalization constant.
At first stage, we consider the joint quadrature measurements of pair-coherent states. The corresponding probability reads as
where The introduction of atoms in the system makes it too complicated for this type of analysis, nevertheless it is easy to anticipate that the correlation between modes will allow the formation of nonlinear structures. Indeed, as it is shown later in Fig. 6 , due to the unique features of the intracavity field the outcome of the atomic scattering is completely different form the result presented in Figs. 4(b,c,d ). Considering the atomic diffraction, we choose the initial state of the combined system as
Calculation of time-evolution leads to the following result for the probability to find the atom at positions ( ) 
Now, using the expression (6) and (7) the atomic distribution for given measured quadratures is derived as
Ne y x P (24) and N is a new normalization factor. It is not difficult to realize that the maxima of the deflection pattern adopt various types of curves in the x-y plane in dependence of the parameters of atom-fields interaction on one side and in dependence on location of the position of initial beam and measuring field quadrature states on the other side. Nevertheless, we restrict ourselves by presenting only two examples of atomic pattern with simple geometrical structures. In Fig. 6 we show two special results obtained for two different set of parameters: a circle for . k is the wave number of intracavity mode.
CONCLUSION
In conclusion, we have discussed the model scheme for two-dimensional sub-wavelength localization of V-type atom during its diffraction on crossed standing waves. Our results confirm the known statement that measurements of field quadratures during a dispersive atom-field interaction give rise to so-called spatial filter functions. We have analysis the action of such filter for localization of atomic beam in two-dimensional subwavelength regions in space.
